In fluorocarbon ͑C 4 F 8 ) plasmas, formation mechanisms of polymers were investigated by the characterization with x-ray photoelectron spectroscopy ͑XPS͒ and gel permeation chromatography ͑GPC͒. The molecular compositions of the polymers in the films deposited on the substrate and in the particles formed in the gas phase were elucidated by these chemical analyses. The XPS results showed that the particles were carbon-rich and composed of highly branched molecules in contrast to the film composition. From the GPC measurements, the particles were found to contain ultrahigh mass polymers, whose molecular weights were around 100 000. On the contrary, the deposited film contained polymers with molecular weights distributed below 2000, in which oligomers, monomers, and fragmented products were included. Present study suggests that these polymers are involved in the formation of crosslinked networks of the films and the particles via surface reactions, where the crosslinking is enhanced by the ion bombardment.
I. INTRODUCTION
In recent ultralarge scale integration ͑ULSI͒ device manufacturing, fluorocarbon plasmas are applied not only to selective etching of SiO 2 over Si but also to chemical vapor deposition ͑CVD͒ of fluorocarbon film as a low-dielectric constant material. [1] [2] [3] [4] Surface processes occurring in these plasmas are common for the formation of fluorocarbon polymer films on the Si surface. Therefore, the understanding of polymer deposition mechanisms and their control are important for these technologies. Although small radicals ͑CF x , xϭ1-3͒ and their ions have been measured systematically in the gas phase by spectroscopic and mass spectrometric methods [5] [6] [7] [8] [9] and chemical composition of surface film has been extensively investigated by using x-ray photoelectron spectroscopy ͑XPS͒, 10 responsible surface reactions for the polymer formation are still under discussion. It is due to the complexity of the whole reactions that determine the deposition rate and the chemical composition of the film. The existence of intermediate precursors as associated molecules have also been suggested, [11] [12] [13] which are produced by polymerization reactions in the gas phase. For their measurement we have developed electron attachment mass spectrometry ͑EAMS͒, [14] [15] [16] and showed the presence of a fairly large amount of larger molecular weight species in various fluorocarbon plasmas. However, the method is limited to species with the mass number of less than 1000 or so.
Since it is still suspected that further polymerized species are contributing to the deposition with a higher sticking probability, we try to apply gel permeation chromatography ͑GPC͒ in this work for the measurement of species with molecular weights of up to 10 7 . 17 Production of the polymerized species may occur not only in the gas phase but also on the surface. Therefore, characterization by GPC is done for the particles produced in the gas phase as well as the deposited films on the substrate. The chemical compositions of films and particles are analyzed by XPS. From these experimental results the polymerization mechanisms and the contribution of these polymers to the film deposition and the particle formation are discussed.
II. EXPERIMENTAL METHODS
In the present experiments, octafluorocycrobutane (c-C 4 F 8 ) was used as a kind of fluorocarbon compound. The gas was supplied by a mass flow controller from an upper shower electrode into a parallel plate reactor as shown in Fig.  1 . The gas flow rate was 1.7 standard cm 3 per minute ͑sccm͒. The plasma reactor was evacuated by a turbomolecular pump ͑TMP͒ and a rotary vane pump ͑RP͒. For the plasma generation, a rf ͑13.56 MHz͒ power supply was connected to the upper electrode, of which the power density was maintained at 0.15 W/cm 2 . The gas pressure in the chamber was varied between 23 and 250 mTorr.
A Si wafer was set on the lower electrode after all impurities were rinsed out by ethanol and acetone. Then, the substrate was exposed to the plasma for 15 min by suspending it at a floating potential. In addition to this typical treatment, some substrates were treated on the powered electrode under the influence of the self-bias voltage (V dc ) by changing the rf power connection to the lower electrode. The particle sample was prepared as follows; after the plasma treatment particles dropped on a Si substrate were raked up with a stainless steel spatula. Although it was difficult to avoid completely the inclusion of film flakes caused by the spatula, we tried to minimize the effect by a careful handling.
The molecular weight distribution of the products contained in the film sample and the particle sample was ana-lyzed by GPC. For the GPC measurement, these samples were dipped in a small amount of tetrahydrofuran ͑THF͒ solvent for 5 min at room temperature, and soluble components were extracted from the samples. Since a carbon atom and a fluorine atom form strong chemical bonds; the bond energies of C-F, C-C, and CϭC are 83, 116, and 146 kcal/ mol, respectively, 18 we expect that the fluorocarbon polymers can be extracted from the film and particle samples without fragmentation of the molecular structures in the treatment. No chemical reaction occurs between the extracted molecules without radical sites and the THF solvent, since the chemical composition of polymerized fluorocarbon molecules is similar to polytetrafluoroethylene ͑PTFE͒ being known as a chemically stable substance to the solvent. However, free radicals can be included in plasma polymerized polymer and may lead some chemical reactions. One free radical will be involved in a few plasma polymerized molecules. 19 In such a large molecule detected in the GPC measurement, the radical site can be ignored for determining molecular weight distribution of the polymerized fluorocarbon molecule. 20 The prepared sample in the THF solution was injected into the GPC column after a filtration process to remove insoluble substances. The column separated the composites of the sample into several groups depending on their molecular sizes. The fluorocarbon molecules passed through the column were detected by two methods based on the differential refractive index ͑RI͒ and the absorption of ultraviolet ͑UV͒ light. To determine the wavelength of UV light, the optical property of a THF solution held in a silicate glass tube was measured with a spectrophotometer from UV to visible regions. The absorption spectrum of fluorocarbon molecules showed a broad increasing peak toward the shorter wavelength region below 600 nm as shown in Fig. 2 . From this result, the wavelength for the GPC measurements was set at 340 nm, where both the absorption and the UV intensity were at reasonable levels. The relation between the retention time of a fluorocarbon molecule in the column and the molecular weight was determined by using a polystyrene standard sample. Although the retention time may depend on molecular shape such as linear and branched chain, we were not hindered from discussing molecular weight distribution of the fluorocarbon molecule qualitatively.
On the other hand, the insoluble components of the film and particle samples were characterized by XPS for the chemical bond compositions. The XPS spectra were taken by using the Mg K␣-line with an acceleration energy of 13 keV.
III. RESULTS
In the whole tested gas pressure range, amorphous fluorocarbon film was deposited irrespective of the substrate condition. Solid particles, however, were observed only at the pressure higher than 50 mTorr, whose diameter ranged between 0.5 and 2.3 m. 21 The particle production was enhanced and the agglomerates such as shown in Fig. 3 appeared when the pressure was increased. The agglomerates were composed by many particles of a few micrometer in their diameter. rocarbon molecule in the solution but also on its specific efficiency. Thus, the appearance of molecular weight distribution measured by the UV absorption method is not necessarily the same as that measured by the RI method even in the measurement of the same sample. Therefore, we used both methods complementarily to estimate the possible molecular weight distribution of polymers.
A. Structure of surface film
According to the GPC curves of Film-L and Film-H shown in Figs. 4 and 5, it is seen that the extracted components of the deposited films do not depend on the pressure condition. The molecular weight distribution extends up to 2000 in the UV measurement. In the RI measurement, however, the signal around 2000 was small while a sharp peak appeared around 300. The reason of this different appearance between UV and RI methods is not clear, but may be attributed to the fact that the difference in refractive indexes of fluorocarbon polymers and THF is very small. ͑The refractive indexes of both THF and hexafluorobenzene as a reference of polymer molecules are around 1.4 as measured by using D lines of Na around 589 nm. 22 ͒ Although we could not estimate the amount of molecule corresponding to each peak in GPC curves since concentration of solution was impossible to be measured, it is true that the molecular weight has a broad distribution from 100 to 2000. This indicates that the plasma polymerized film contains oligomers, monomers, and other reaction products with relatively small molecular weights.
In the THF treatment, it turned out that the film was composed of not only the soluble substance but also the insoluble substance. The THF solubilities of the films prepared at a low pressure condition of 23 mTorr and a high pressure of 250 mTorr were 33% and 75% in their weights, respectively. Generally, the interaction between a Si substrate and a fluorocarbon molecule by the van der Waals force is proportional to the size of the molecule. For a larger fluorocarbon molecule the interaction tends to exceed the solvability in THF, and it remains on the substrate as the residue probably in the form of a porous film. Besides, there may be any difference in the chemical bond composition between the soluble substance and the insoluble residue. Therefore, the XPS analysis was employed to compare the compositions of the as-deposited film and the residue after the THF washing.
The XPS spectra of C 1s signal from the film prepared at 23 and 250 mTorr are shown in Figs. 6 and 7, respectively, where ͑a͒ and ͑b͒ indicate the spectra of as-deposited film and that of washed one, respectively. The spectra were deconvoluted into five chemical bond components; C-C at 285.0 eV, C-CF x at 287.3 eV, CF at 289.5 eV, CF 2 at 292.1 eV, and CF 3 at 294.0 eV. 23 The composition ratio of these bonds was estimated as shown in Fig. 8 , where each component was assumed to have a Gaussian distribution. Table I lists the overall atomic ratio of fluorine to carbon, F/C, derived from the XPS analysis. The ratio did not depend on the THF treatment so much for the films prepared in both low and high pressure conditions. However, the chemical bond composition of the film prepared at a high pressure of 250 mTorr showed a noticeable change after the THF treatment. ͑For the film prepared at a low pressure of 23 mTorr, there was almost no change after the THF treatment, since the solubility of the film in THF was small.͒ It was noted that the THF treatment washed out the CF 3 bond component and exposed the CF bond component as seen in Figs. 7͑a͒, 7͑b͒ , and 8͑b͒. Since the size of a molecular unit composing the crosslinked film is large and insoluble in the THF treatment, it is imagined that the remaining part has a highly crosslinked structure with much abundant CF bonds. Large molecules are produced possibly by the reactions on the surface rather than the reactions in the gas phase, because such large molecules should form solid particles if they are produced in the gas phase. On the other hand, the soluble substance may be regarded as the reaction products in the gas phase.
This change in the spectrum by the THF treatment indicates the difference in chemical compositions between the surface product and the gas phase product. The insoluble residue in the film includes more CF bonds than CF 3 bonds due to its crosslinked network, while the substance extracted by the THF solvent includes more CF 3 bonds. Thus, it is suggested that the species produced in the gas phase contain more CF 3 bonds and, therefore, have shorter molecular chains with the molecular weights below 2000.
In order to see the effect of ion bombardment to the polymerization, some samples were prepared on the powered electrode by changing the rf power density from 0.079 to 0.71 W/cm 2 . The THF solubility of these films is shown in FIG. 7 . XPS spectra of C 1s measured for a film sample prepared at high pressure ͑250 mTorr͒ condition ͑dotted curve͒: ͑a͒ as-deposited film and ͑b͒ residue after THF treatment. Solid curve shows the fitted result as in Fig. 6 . The absolute value of self-bias voltage, ͉V dc ͉, increased from 4 to 27 V with the rf power, and the solubility decreased with the increase of ͉V dc ͉. This result clearly shows that the crosslinking reactions within the deposited film are enhanced on the surface by increasing the bombarding ion energy, indicating that the kinetic energy deposited by the ion bombardment can contribute to the polymer network formation.
B. Structure of gas phase particle
From the GPC results shown in Figs. 4 and 5, it became clear that the particles formed in gas phase contained polymers of ultralarge molecular weights around 100 000. In addition, species with molecular weights less than 2000 were also observed in the extract from the particles as in the case of the deposited film. In order to explain the difference in the molecular weight distribution between the film and particle samples found in the GPC measurements, the chemical bond composition of those samples was measured by XPS.
In the first measurement, the XPS spectrum of the particles was almost the same as that of the film, because the particles were possibly covered with the fluorocarbon films after dropping on the wafer. 21 In order to remove the films on the particles, Ar ion sputtering was performed in the XPS system using a low-energy ion beam so as to avoid the transformation of the chemical composition. The XPS spectrum of the particles so obtained is obviously different from that of the film as shown in Fig. 10 . The chemical bond compositions also show a clear distinction between them ͑Fig. 11͒; the content of C-CF x bond in the particles was more than that in the film. This result indicates that the branching of carbon network was promoted in the precursor molecules composing the particles. This is also consistent with the GPC result that the particles are composed of the ultralarge molecular weight polymers. On the other hand, the atomic ratio of fluorine to carbon, F/C, in the particles was 1.13, which was smaller than all values listed in Table I . This result of carbon-rich content in the particles also shows that they are composed of crosslinked large molecules. Since a C-F bond is weaker than a C-C bond, the result also implies the possibility that the gas phase reaction progresses with taking off fluorine atoms.
IV. DISCUSSION
The film structure investigated by the THF treatments enables us to elucidate a part of the polymerization processes in fluorocarbon plasmas. In gas phase reactions, the primary molecules as the film precursors are produced, whose molecular weights are distributed below 2000. These primary molecules may result from the polymerization between smaller molecules of the size of parent molecules, since the film was found to include much content of the species with molecule weights of around 200 ͓Fig. 5͑b͔͒. The vapor pressure of the primary molecule may be extremely low, since melting point of a substance composed of such large molecule exceeds 100°C, e.g., melting point of perfluorotetracosane ͑C 24 F 50 ) is around 190°C. Therefore, one can expect that such molecules will be adsorbed on the surface immediately after production of the molecule. When the primary molecules reach to the surface, the polymerization reaction is initiated between them and the crosslinked network is constructed to result in the formation of polymer film. The surface reaction of the adsorbates must be induced or enhanced by activating them with the irradiation of ions and radicals from the plasma. In addition to their chemical potentials, the kinetic energy released by the ion irradiation can also contribute to the reaction. Thus, we suggest a model for the film formation on the surface as shown schematically in Fig. 12 . First, primary molecules are produced by mutual reactions of radicals, ions, and parent molecules in the gas phase. Then, these primary molecules stick on the surface. These molecules associate each other with the help of the ion and radical bombardments. Finally, the crosslinked network is formed, but a part of the primary molecules is left unlinked. On the other hand, the particles formed in the gas phase are composed of the ultralarge polymers with molecular weights of around 100 000. This fact indicates that such polymers are produced while they are suspended in gas phase and become the precursor of the particle formation. In the plasma, an electron can attack a carbon atom or its bond at a random site in a large molecule and produce a radical site. Then, the radical site works as a polymerization site for the crosslinking of the molecule in the gas phase. The larger a molecule is, the more radical sites for the polymerization are formed in the molecule. As a result of the series of polymerization reactions, a large molecule tends to form a cluster. The cluster can be charged negatively due to the difference in the mobility between electrons and ions in the plasma. The charged clusters thus formed are trapped and accumulated in the plasma by the balance of various forces acting on them: electrostatic force, gravity, ion drag force, etc. 24 Here, we try to evaluate the geometrical dimension of a polymer chain with a molecular weight of 100 000. Unperturbed molecular dimension is estimated in the simplest model for a linear chain. 25 In this calculation, it is assumed that the C-C-C bond angle and length in a fluorinated carbon structure are the same as in a hydrogenated carbon structure and the shape of the whole molecular chain is determined by the successive combination of C-C-C units. The root-mean-square end-to-end distance of a free rotational chain is given by the following equation:
where n, a, and are the number of CF 2 as the smallest unit of the fluorocarbon chain, the bond length of C-C ͑0.154 nm 17 ͒ and the bond angle of the C-C-C structure ͑109.5°͒, respectively. Because the molecular weight of CF 2 is 50, n becomes 2000 for a chain with molecular weight of 100 000. Thus, the root-mean-square end-to-end distance of the chain (r 0 2 ) 1/2 is calculated to be 9.7 nm. This value indicates the geometrical scale of the chain, although the interaction between polymers and the larger diameter of a fluorine atom than a hydrogen atom enlarges the distance actually. The charging state of a cluster of this size can be estimated crudely by a charge balance equation based on the orbitalmotion-limited probe theory 26 and plasma neutralization condition. 27 The calculation predicts that a cluster is charged up with a few electrons in a typical plasma condition, where the plasma density, the electron temperature, and the ion temperature are assumed to be 10 9 cm Ϫ3 , 3 eV, and 0.03 eV, respectively. 28 It is also assumed that the number density of the clusters is less than a half of the plasma density. Since the charge of a cluster increases with its size, a larger cluster tends to be trapped more easily in the plasma. The trapped clusters continue to grow up by the mutual aggregation and by deposition of film precursor around the clusters to particles with micrometer sizes until they are separated with each other by the Coulomb repulsive force.
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V. CONCLUDING REMARKS
By the GPC measurement, it has been verified that polymerized species with molecular weights up to 2000 are contained in the deposited film, and further polymerized species with molecular weights around 100 000 are contained in particles grown up in the gas phase. This suggests that the polymerization up to 2000 molecular weights proceeds frequently in the gas phase. These products are transported to the substrate surface and taken into the crosslinking reactions with the assistance of ion bombardments. On the other hand, those remained in the plasma continue to grow by mutual aggregation with more effective ion bombardments up to 100 000 molecular weights and tend to be trapped by the electron charging. The aggregation between these largely polymerized species leads to the formation of micrometer sized particles.
It is found by the XPS measurement that the F/C atomic ratio of the reaction products as both thin films and solid particles is reduced markedly in a comparison with that of the source monomer. This indicates that a C-F bond is weaker than a C-C bond, and a fluorine atom is more likely to be taken off than a carbon atom from the product by electron, radical, or ion collision in the gas phase. The activated site of the monomer and the oligomer by the fluorine removal enhances the formation of the highly branched and crosslinked molecules. In particular, in the solid particle formation, its precursor stays in the gas phase for a longer time than in the case of film formation. Therefore, the detachment of fluorine atoms progresses more likely in the molecule composing the particle due to more frequent bombardment of reactive species. Consequently, the particles include more carbon atoms than the thin film deposited on the surface.
A part of polymerized molecules produced in the gas phase reach to the surface and the rest continue polymerization while staying in the gas phase. On the surface, the polymerized molecules construct crosslinked network in the film through the activation process induced by ion irradiation from the plasma. Thus, the film is composed of the polymer network as well as smaller unlinked species like monomer, oligomer, etc. On the other hand, the molecules staying in the gas phase become ultralarge polymers with the molecular weight of about 100 000. These are trapped by charging with electrons in the plasma, leading to the rapid growth of solid particles.
Besides the polymerization mechanisms, it is suggested from the present experiment that the porous structure of the THF washed film prepared at higher pressure may be interesting for an application to low-dielectric constant material. Therefore, the microscopic structure is under investigation.
